Abstract. Fourier series expansions of different excitation signals for a novel piezoelectric micro-jet is deducted in this paper. By comparison and analysis of the Fourier series expansions, we find that the motivational effect of square wave is preferable than the sine wave which is better than triangle wave. And by analysing the Fourier series expansion of trapezoidal wave, it indicates that the ratio of the waveform parameters to the period should be studied rather than the numerical value of the parameters for improving the injection performance. The numerical simulations and experiments are carried out, and the results are consistent with theoretical calculations.
Introduction
The piezoelectric micro-jet, which can achieve drop-on-demand injection, is wildly used in various industrial fields [1] [2] [3] [4] . The trapezoidal pulse wave is usually chosen as the excitation pulse waveform [5] [6] [7] , however, there is no research results explaining the reasons for not choosing a triangular wave or sine wave instead. People mainly focuses on analysing the influences of trapezoidal wave parameters on the injection performance through experiments and simulations [8] [9] [10] [11] , or researching on the new method for controlling of the trapezoidal wave to reduce the residual vibration by using the self-sensing capability of the piezoelectric vibrator [12] [13] [14] .
In order to obtain the optimal excitation signal which is applied on the piezoelectric micro-jet for achieving better injection performance, several typical waveforms are analysed depend on theoretical derivation in this paper. By analysing the derived results, the preferable excitation signal is given. Then, the analysis results are verified by simulations and experiments.
Theoretical analysis
The typical excitation waveform for piezoelectric micro-jet mainly include sine wave, triangle wave, square wave and trapezoidal wave. It's hard to find out which is preferred just by comparing the waveform functions or the shapes of the wave. As all functions (periodic function satisfies the Dirichelet conditions) can be expanded into a form of trigonometric functions by Fourier series expansion theory, the preferable waveform for better injection can be obtained by analysing the Fourier series expansions of different waveforms with the same voltage amplitude (V m ) and period (T).
The sine wave is shown in Fig.1 , and its function expression with time as the variable is shown in Eq.(1). The triangle wave is shown in Fig.2 , and its Fourier series expansion with time as the variable is shown in Eq.(2). 
The square wave is shown in Fig.3 , and its Fourier series expansion with time as the variable is shown in Eq.(3). 
The trapezoidal wave (T r =T f ) is shown in Fig.4 , and its Fourier series expansion with time as the variable is shown in Eq.(4), where T r is rising time, T h is holding time, T f is falling time and T s is spacing time, T r +T h +T f +T s =T. ) cos ]
The trapezoidal wave (T r T f ) is shown in 
Thus, the fundamental components (n=1) of these excitation signals are shown as follows:
By comparing Eq. (1), (6), (7), (8) and (9), it demonstrate that the motivational effect of square wave is preferable than the sine wave which is better than triangle wave, as 8/ʌ 2 <1<4/ʌ and the greater the excitation voltage amplitude, the better the performance of the injection. Meanwhile, due to the complex expressions of the Fourier series expansion of the trapezoidal wave, it is not easy to be compared with other waveforms. However, the square wave can be treated as a special form of the trapezoidal (T r =T f =0), the trapezoidal wave may be more effective as well than other waveforms. And by analysing Eq. (8) and (9), it indicates that the ratio of the waveform parameters to the period should be
studied rather than the numerical value of the parameters for improving the injection performance. In order to prove the correction of the analysis above, numerical analysis of a novel piezoelectric micro-jet is carried out next.
Numerical analysis
In this paper, we use the novel piezoelectric micro-jet which is designed for bearing lubrication by our group, for more details, please refer to the references [8] .The structure of the novel piezoelectric micro-jet is shown in Fig.6 , and all the simulation parameter settings are in agreement with the references [8] .
Piezoelectric vibrator Droplet Nozzle Figure 6 . The structure of the micro-jet. [8] We select the sine wave, trapezoidal wave (T r : T h : T f =1:1:1), triangular wave and square wave as the excitation signals with the same voltage amplitude (V m =100V) and period (T=55.77us). The displacement and velocity of one of the particles near the nozzle are studied by a finite element analysis. The curves of the vibration displacement of the same particle with different excitation signals is shown in Fig.7 . 
Figure 7
The he vibration displacement of the same particle with different excitation signals.
As we can see that the vibration displacement of the particle under the excitation of square wave is larger than that of trapezoidal wave or sine wave which are greater than that of triangle wave. This is consistent with the theoretical calculation. The curves of the vibration velocity of the same particle with different excitation signals is shown in Fig.8 . It can be seen that when the piezoelectric micro-jet is applied different excitation signals with the same voltage amplitude (V m =100V) and period (T=55.77us), the velocity of the particle under the excitation of triangle wave is less than that of trapezoidal wave or sin wave which are inferior to that of square wave. This is also consistent with the theoretical calculation. The theoretical and numerical simulation results are verified by experiments, as described below.
Experimental analysis
An experimental research is carried out by using the experimental method as shown in references [8] , and the properties of injection lubricating oil and the experimental equipment are the same as what is described in references [8] . In order to show the influences of the excitation signals obviously, only the square wave which obtain the best incentive effect and the sine wave which obtain the worst effect are selected in the experiments. As we can see from Fig.9 , whether the excitation signal is sine wave or square wave, the injection intensity of the micro-jet increases along with the increase of the voltage amplitude. Meanwhile, the injection status of the micro-jet under the excitation of square wave is more intense than that of sine wave when the voltage amplitude of the excitation signal keeps the same. The experimental results are in agreement with the simulations and theoretical calculations.
Another evaluation of the piezoelectric micro-jet is the mass of the droplet, the mass of the droplet varies with different voltage amplitude of excitation signals are shown in Fig.10 . It can be seen that the droplet mass increase gradually with the increase of the voltage amplitude for each excitation signals. And the mass of the droplet ejected out of the micro-jet under the square wave is larger than that of sine wave when the voltage amplitude keep the same. This also verifies the correctness of simulations and theoretical calculations. 
Conclusions
A new method for analysing the excitation signals of the piezoelectric micro-jet is proposed in this paper. The theoretical calculations prove that the square wave or trapezoidal wave are more effectively than sine wave or square wave by the discussions of the Fourier series expansions of excitation signals.
Simulations and experiments are carried out to verify the correctness of the theoretical calculations, and the results are in agreement with the theoretical calculations. Meanwhile, the ratio of the waveform parameters of the trapezoidal wave to the period should be studied rather than the numerical value of the parameters for improving the injection performance according to the analysis of the Fourier series expansion of the trapezoidal wave. 2 
